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ABSTRACT: Nanocomposite hydrogels incorporating gold nano-
particles (AuNPs) have garnered significant interest in biomedical
and materials science thanks to the synergistic advantages resulting
from the integration of the two systems. However, their fabrication
typically involves multistep procedures that may alter the \ /
physicochemical features of the final platform, limiting their O Carbomer
reproducibility and translational potential. In this study, we report

a facile and fast one-pot synthesis for in situ formation of AuNPs

within an agarose-carbomer-poly(ethylene glycol) (AC-PEG)

hydrogel, eliminating the need for multistep nanocomposite

assembly. The synthesis is carried out through microwave

irradiation, leading to fast and homogeneous heating with a short

reaction time (3 min). PEG simultaneously acts as Au precursor

reducing agent and, jointly with carbomer, a stabilizer of the produced AuNPs against salt-induced aggregation. The role of solution
pH and HAuCl, concentration is assessed by independently varying the parameters, respectively, in the ranges 6—11 and 0.25—2.27
mM. Postsynthetic NaOH addition, in a concentration between 12 and 15 mM, demonstrates to further improve the sample
uniformity and the synthesis outcomes. The produced AuNPs are characterized by narrow UV—vis spectra, sizes around 15—20 nm,
better sphere-like shapes, and improved size distributions (PdI ~ 0.1), compared to the case without NaOH addition. The internal
microstructure of AuNPs/AC-PEG nanocomposites is preserved, compared to pristine hydrogel, while AuNPs exhibit concentration-
dependent swelling and viscoelastic behavior. Finally, drug release tests under laser irradiation demonstrate the light-responsiveness
of the system, resulting in improved cumulative release (~80%) of a small hydrophobic drug mimetic (FITC) when subjected to 10
min ON-OFF irradiation cycles for 2 h. This facile and rapid method enables the direct formation of plasmonic nanocomposite

', PEG
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hydrogels with tunable properties, opening future routes for responsive system fabrication in biomedical and other applications.
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1. INTRODUCTION

Thanks to their unique optical and photothermal properties,
plasmonic nanoparticles have gained broad interest across
several fields, including nanomedicine, biotechnology, optics,
catalysis, and material science.'™> The response of these
metallic nanostructures to light originates from their electronic
configuration, and it is governed by the localized surface
plasmon resonance (LSPR) phenomenon, which is highly
sensitive to the nanoparticles’ surface-to-volume ratio, size,
shape, and environment.”> The design of hybrid nano-
composite materials, by combining plasmonic metal nano-
objects, typically gold nanoparticles (AuNPs), with organic
supporting materials, such as hydrogels, has offered superior
advantages in the field of drug delivery,®”” tissue engineer-
ing,l’ cancer treatment,""® and hyperthermia.14 In this
perspective, hydrogels are highly attractive platforms for
nanocomposites fabrication thanks to the excellent biocompat-
ibility, biodegradability, and porosity, which make them
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relevant for several biomedical applications.">'® The inclusion
of AuNPs to form hydrogel nanocomposites provides
advantages to both the single components, by endowing the
hydrogel with stimuli-responsiveness and improved mechanical
properties, while providing a support for AuNPs, protecting
them from the external environment.”'” The nanocomposite
formulation is usually obtained by (i) dispersion of AuNPs
before the hydrogel assembly or (ii) inclusion of AuNPs within
the already formed polymeric support. However, both these
strategies may alter the final composite systems’ physicochem-
ical properties.'® AuNPs synthesis has been carried out mainly
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by employing bottom-up approaches, with the Turkevich
method being the “gold standard” for spherical nano-
particles."”™*" The nanoparticles’ final properties can be
tuned by modulation of the synthetic method and by
modification of surface decoration, enabling precise control
over size, colloidal stability, charge, optical behavior, and
biological interactions.”** A multitude of alternative AuNPs
synthetic approaches have been investigated, including two-
step seed-growth methods,””** substitutional reducing agents,
e.g., salts, >>° 27731 amino acids,* polysaccharides,33
bio-organisms, and use of alternative solvents.>>>°

However, the formation of nanocomposite materials requires
multiple steps, including AuNPs synthesis and purification,
surface functionalization, and then composite system assembly,
posing severe limitations in preventing the alteration of final
system properties, thus hindering their translational applica-
tions. Moreover, the use of some chemicals, such as sodium
borohydride or cetyltrimethylammonium bromide
(CTAB),>” = poses severe environmental and safety concerns,
limiting AuNPs downstream biomedical use. In this frame-
work, in situ synthesis of AuNPs has emerged as an alternative
to create nanocomposites, where the nanoparticles are directly
formed within the supporting material from the reduction of
the gold precursor salt.*” This strategy not only offers
procedural advantages, but it could also provide control over
the in situ growth process of anisotropic AuNPs within
hydrogels."' To date, many of the proposed strategies employ
externally added mild or strong reducing agents, either to the
pre-gel solution or the already formed hydrogel, in the
presence of the gold precursor salt or Au seeds.'®*~*
However, only limited scenarios have been presented using a
one-pot synthesis of AuNPs hydrogel nanocomposite, where
the polymeric hydrogel constituents themselves act con-
currently as reducing and stabilizing agents for
AuNPs.””*~* Additionally, considering the high importance
of ionic solvents in biomedical applications, e.g., phosphate
saline buffer (PBS), only a few examples of one-pot AuNPs
synthetic methods have been proposed in PBS to the best of
our knowledge,48 due to the exerted salt effect, hindering the
AuNPs stability.*” In this regard, inspired by the ability of
poly(ethylene glycol) (PEG) to act as a reducing agent for
inorganic salts,””" we propose an alternative method for one-
pot synthesis of AuNPs nanocomposite hydrogel without the
use of any organic solvents, catalysts, and tensides, where
hydrogel formation and in situ AuNPs synthesis simultaneously
occur. To this end, a polymer mixture containing carbomer
and PEG (AC-PEG) in PBS was employed as the reactive
solution for AuNPs synthesis by the addition of HAuCl, as
gold precursor.

The reaction was carried out under microwave heating,
where PEG and carbomer, already required as a structural
component of the hydrogel network, respectively, provided the
Au precursor reducing environment and helped in stabilization
of AuNPs in the highly ionic solvent. The reaction did not
require additional reducing agents or multiple-step synthesis,
representing a facile and rapid strategy to obtain stable and
well-dispersed AuNPs within a polymeric solution. The
nanoparticles’ properties were investigated as a function of
different synthetic parameters (pH and HAuCl, concentra-
tion), to determine the best conditions yielding spherical,
small, and monodispersed AuNPs. Additionally, the role of
NaOH was investigated in terms of both pH modifier and
catalytic agent for the reaction. The influence of NaOH

5068

addition time and amount was studied to afford the best
properties of the final synthetic product. Then, the in situ
hydrogel nanocomposite formation was achieved when agarose
was added to the reactive mixture, through microwave-assisted
polycondensation between the hydroxyl and carboxylic groups
of the polymeric components. Microwave irradiation was
selected to facilitate the homogeneous and fast heating of the
reactive solution to improve reproducibility while minimizing
the reaction times and solvent evaporation. The resulting
nanocomposites, formulated with different AuNPs concen-
trations, were characterized in terms of swelling, morphology,
rheological properties, and drug delivery performances. Finally,
exploiting the AuNPs photothermal properties, laser irradiation
tests were performed to study the light-assisted drug delivery
enhancement using a drug mimetic. This strategy enabled the
direct one-pot fabrication of responsive hydrogel-nanoparticle
composites suitable for light-enhanced drug release, distin-
guishing the present system from previously reported plat-
forms.

2. MATERIALS AND METHODS

2.1. Materials

Tetrachloroauric (III) acid trihydrate (HAuCl,:3H,0, 99%), hydro-
chloric acid (HCl, >37%), sodium citrate tribasic dihydrate
(NaCitrate, >99%), sodium hydroxide (NaOH, >97%), Dulbecco
phosphate buffer (PBS), glycerol (>98.5%), fluorescein isothiocya-
nate isomer I (FITC, >90%), fluorescein sodium salt (Fluo),
poly(ethylene glycol) (PEGyy, MW = 2000 Da), poly(ethylene
glycol) monomethyl ether (PEGgp-CH;, MW 5000 Da),
thioglycolic acid (TGA, 98%), and ultrapure water were all purchased
from Sigma-Aldrich. Agarose (MW = 200 kDa) was purchased from
Invitrogen, USA. Carbomer 974P (MW = 1 MDa) was purchased
from Fargon, Netherlands. Deionized water (18.2 MQ) was obtained
from a Millipore Milli-Q_purification unit. All chemicals were used
without further purification, unless otherwise specified.

2.2. Microwave-Assisted One-Pot AuNPs Synthesis in
AC-PEG Solution

All of the glassware has been carefully washed with aqua regia (3:1 v/
v HCI/HNO; solution) and extensively rinsed with water before use.
The polymer solution was obtained by dissolving carbomer 974P,
PEG,y, and glycerol in PBS, at final concentrations of 5, 60, and 12.6
mg/mL, respectively. The pH of the solution was adjusted to fixed
values (ranging from 6 to 11) using 1 M NaOH. Then, 3 mL of the
polymeric solution was preheated to 50 °C through electromagnetic
stimulation at 500 W. Afterward, fixed amounts (from 30 to 300 uL)
of a 25 mM HAuCl, solution were added under stirring, until reaching
a transparent solution.

The reaction mixture was heated to 80 °C under electromagnetic
stimulation at 500 W for 3 min, the time needed until the solution
turned from transparent to red/violet. The obtained colloidal AuNPs
solution was allowed to cool to room temperature and stored at 4 °C.

2.3. Microwave-Assisted One-Pot AuNPs Synthesis in
Polymeric Solution with Postsynthesis NaOH Addition

All the glassware has been carefully washed with aqua regia (3:1 v/v
HCI/HNO; solution) and extensively rinsed with water before use.
The polymer solution was obtained by dissolving carbomer 974P,
PEG 0, and glycerol in PBS, at a final concentration of S, 60 and 12.6
mg/mL, respectively. The pH of the solution was adjusted to 6.5
using 1 M NaOH. Then, 3 mL of the polymeric solution was
preheated to S0 °C through electromagnetic stimulation at 500 W.
Afterward, fixed amounts (from 30 to 300 uL) of a 25 mM HAuCl,
solution were added under stirring, until reaching a transparent
solution. The reaction mixture was heated to 80 °C under
electromagnetic stimulation at 500 W for 3 min, the time needed
until the solution turned from transparent to red/violet. After 60 s, a
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fixed amount of 1 M NaOH (in the range 10—60 L) was added to
the reactive solution under vigorous stirring. The obtained colloidal
AuNPs solution was allowed to cool down to room temperature and
stored at 4 °C.

2.4. AuNPs Characterization

2.4.1. Transmission Electron Microscopy Analysis. The size
and morphology of the synthesized AuNPs in solution were
confirmed by transmission electron microscopy (TEM). Samples
were prepared by placing a 10-uL drop of AuNPs dispersion on a
Lacey carbon-coated copper TEM grid (400 mesh) and drying
overnight to evaporate the solvent. Digital images were acquired by
using a CM200FEG Philips microscope at 200 kV. Particle size
analysis was performed for each sample using Image] software with a
statistically representative population of nanoparticles. TEM images
were scale-calibrated and processed via automated particle analysis to
extract Feret diameters and circularity, applying pixel filters to exclude
noise and aggregates.

Then, mean diameter, standard deviation, polydispersity index, and
size distributions were obtained from mathematical calculations, and
data were fitted using a log-normal model.

2.4.2. UV—Vis Analysis. The optical properties of the synthesized
AuNPs in solution were evaluated by using a Jasco-630 UV-—vis
spectrophotometer over a range of wavelengths from 350 to 1000 nm.
1 mL of the sample was placed in 1 cm optical length plastic
disposable cuvettes, and the analysis was performed at 25 °C.

2.4.3. Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) Analysis. The Au concentration of the
synthesized AuNPs was determined by inductively coupled plasma
optical emission spectroscopy (Optima 8300 ICP-OES, PerkinElmer,
Shelton, CT, USA) using around 1 mL of concentrated sample.

2.5. AC-PEG Hydrogel Formulation

The hydrogel formulation was adapted from a previous protocol.>”
Briefly, carbomer 974P, PEG,q, and glycerol, at final concentrations
of §, 60, and 6.3 mg/mL, respectively, were dissolved in PBS under
stirring at room temperature. The pH of the solution was adjusted to
7.4 by using 1 M NaOH. Agarose was added to the prepared solution
(at a S mg/mL concentration), and the mixture was heated up to 80
°C through electromagnetic stimulation at 500 W power, in a ratio of
1 min per mL of polymeric solution. When the reaction was
terminated, the pre-gel solution was diluted in a 1:1 v/v ratio with
PBS. After mixing, 0.5 mL of the solution was transferred to 1 cm
diameter cylindrical molds, where the sol—gel transition was carried
out.

2.6. AuNPs In Situ Synthesis in AC-PEG Hydrogel

All the glassware has been carefully washed with aqua regia (3:1 v/v
HCI/HNO; solution) and extensively rinsed with water before use.
Carbomer 974P, PEG,, and glycerol were dissolved in PBS under
stirring at room temperature, at concentrations of 5, 60, and 12.6 mg/
mlL, respectively. The pH of the solution was adjusted to 6.5 using a 1
M NaOH. 3 mL of the solution was heated to S0 °C through
electromagnetic stimulation at S00 W power, after which different
amounts of 25 mM HAuCl, (from 30 to 300 uL) were added under
stirring until obtaining a transparent mixture. Successively, agarose
was added to the reaction mixture (in a concentration of S mg/mL),
which was heated through electromagnetic stimulation at 500 W in a
ratio of 1 min per mL of polymeric solution, after which the reaction
mixture turned from transparent to violet. After 60 s, NaOH was
added at a final concentration of 14.2 mM under vigorous stirring.
Before the sol—gel transition, the pre-gel solution was diluted in a 1:1
v/v ratio with PBS, and 0.5 mL was transferred to 1 cm diameter
cylindrical molds.

2.7. AC-PEG and AuNPs/AC-PEG Characterization

2.7.1. Fourier Transform Infrared Spectroscopy Analysis.
Fourier transform infrared spectroscopy (FT-IR) analysis of the
hydrogels synthesized was performed by using an Agilent Cary 630
spectrometer from Agilent Technologies. The spectra were recorded
at room temperature in the 650—4000 cm™' range with 4 cm™
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resolution and 64 scans/spectra under dry nitrogen conditions. The
spectra were processed and reported with baseline correction and a
reversed y-axis.

2.7.2. Differential Scanning Calorimetry Analysis. Differential
scanning calorimetry (DSC) analysis was performed by using a
Mettler Toledo DSC Polymer machine (Mettler Toledo, Greifensee,
Switzerland) calibrated with zinc and indium standards. The analysis
was performed on freeze-dried samples.

The heating rate was set to 10 °C min~, in a temperature window
ranging between —20 and 100 °C, and the analysis was performed
under nitrogen flow.

2.7.3. Swelling Kinetics Test. The hydrogel water reabsorption
kinetics were tested at room temperature with cylindrical-shaped
hydrogels (10 mm diameter, 0.5 mL volume), formulated as described
above, and freeze-dried. After the initial mass (w,) was evaluated, each
hydrogel was soaked with S mL of Milli-Q water. At specific time
points, the water was removed, and the mass of the hydrogel (w;) was
recorded. The hydrogels were covered again with S mL of freshly
added Milli-Q water. For each time point recorded, the percentual
mass swelling ratio (SR) was evaluated with eq 1, where w, and wy are
the mass of the swollen hydrogel at time ¢ and the initial hydrogel
mass at time zero, respectively.

— W,
- % 100
Wo

SR[%] =
(1)

2.7.4. Rheological Analysis. Rheological properties were
investigated by performing oscillatory measurements with an Anton
Paar MCR 502 rheometer equipped with a parallel plate measuring
system (diameter: 25 mm, plate—plate distance: 1 mm) at a fixed
temperature of 25 °C. The samples were formulated in cylindrical
shape (10 mm diameter, 1 mL volume). Briefly, amplitude sweep tests
were carried out to determine the linear viscoelastic (LVE) region
limit, the storage modulus (G’), and the loss modulus (G”) of the
hydrogel, varying the shear strain amplitude in logarithmically spaced
steps ranging from 0.01 to 100% at a fixed frequency of 10 rad/s.
Frequency sweep tests were performed to describe the hydrogel
viscoelastic behavior in the linear range by variation of the frequency
in logarithmically spaced steps ranging from 0.1 to 100 rad/s, using a
constant shear strain amplitude of 0.4% (within the sample LVE
region).

2.7.5. Scanning Electron Microscopy Analysis. Scanning
electron microscopy (SEM) analysis was carried out on gold sputtered
cylindrical-shaped (1 cm diameter, 0.5 mL volume) dry samples to
determine the internal morphology of the hydrogel using a Zeiss
EvoS50 with an EDS Bruker Quantax 200 microscope. The samples
were formulated and immediately frozen at —80 °C and then freeze-
dried for the analysis.

2.8. Drug Delivery Tests from AuNPs/AC-PEG Hydrogel

Drug release tests were performed on both AuNPs-containing and
blank samples. Briefly, the hydrogels were formulated as previously
described and encapsulated with different molecules by 1:1 v/v
dilution before sol—gel transition with either BSA-FITC (2 mg/mL),
FITC (0.5 mg/mL), or fluorescein (1 mg/mL) solutions in PBS. The
hydrogels (0.5 mL volume, 1 cm diameter cylindrical shape) were
covered with 2 mL of PBS in Corning 24 multiwell plates at 37 °C. At
specific time intervals, 1 mL of the release media was withdrawn and
replaced with 1 mL of PBS. The withdrawn samples were analyzed at
room temperature using a Tecan microplate reader at a fixed
wavelength corresponding to the fluorophore absorptions (4 = 495
nm for BSA-FITC, 4 = 495 nm for FITC, and 4 = 485 nm for
fluorescein). The cumulated drug release [%] was calculated by
evaluating the drug released through a calibration curve obtained
using Lambert—Beer law, which correlates the read-out absorbance to
the sample concentration, reported in Figure SI, Supporting
Information.

https://doi.org/10.1021/acsanm.5c05814
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Figure 1. Schematic illustration of the synthetic strategies for AuNPs formation in AC-PEG solution, respectively representing: (a) one-pot
method, (b) one-pot method modified with NaOH postsynthetic addition to AuNPs, and (c) one-pot method for the in situ synthesis of AuNPs

composite AC-PEG hydrogels. Image created with Biorender.com.

2.9. Laser-Assisted Drug Delivery Tests from
AuNPs/AC-PEG Hydrogel

FITC was used as a mimetic to study the drug release kinetics under
laser irradiation in AuNPs-containing hydrogels. Briefly, the hydrogels
were prepared as previously described and encapsulated with FITC by
1:1 v/v dilution before the sol—gel transition with a 1 mg/mL FITC
solution in PBS.

0.5 mL portion of hydrogel was formulated in a 4.5 mL volume
polystyrene Fisherbrand disposable cuvette and placed in a holder of a
self-designed setup for laser irradiation. Each hydrogel was covered
with 1 mL PBS and subjected to multiple 10 min laser irradiations at
different times using a 632 nm continuous wavelength (CW) helium—
neon laser diode at a power of S mW. At specific time points during
the release test, 0.5 mL of the release medium was withdrawn, after
volume homogenization by gentle mixing, and replaced with 0.5 mL
of PBS. The withdrawn samples were analyzed at room temperature
using a Tecan microplate reader at a fixed wavelength (corresponding
to the fluorophore absorption, 4 = 495 nm for FITC). The cumulated
FITC release [%] was evaluated by calculating the drug released
through a calibration curve, obtained using the Lambert—Beer law,
which correlates the read-out absorbance to the sample concentration.

2.10. Statistical Analysis

The experimental data were analyzed using analysis of variance
(ANOVA) with Tukey post hoc tests for comparison of different
groups and evaluation of the p-value. Statistical significance was set to
p value <0.0S. Results were presented as mean value + standard
deviation, * p < 0.05; ** p < 0.01; *** p < 0.001, and **** p <

0.0001.
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3. RESULTS AND DISCUSSION

For the in situ synthesis of AuNPs inside the hydrogel, a
microwave-assisted reaction has been carried out using PEG.
With the final aim of producing a hydrogel composite system
with AuNPs, while maintaining the formulation parameters,
microwave-irradiation heating was employed as an alternative
to conventional heating. The feasibility was assessed within the
Turkevich reduction protocol, obtaining AuNPs with com-
parable morphology, LSPR, and size distribution (Figure S2,
Supporting Information). Microwave heating minimizes
reaction times and improves reproducibility while limiting
uncontrolled solvent evaporation. PEG is a well-known
reducing agent of the gold and silver precursor, as found in
previous studies.””>® Under such conditions, oxidation is
expected to primarily involve terminal hydroxyl groups, leading
to the formation of aldehyde and carboxylic PEG terminal
groups, as reported for polyol-based reduction processes
(Figure S3, Supporting Information).”* The synthetic param-
eters have been optimized in the pre-gel polymer solution,
before switching to the AuNPs synthesis in situ within the
hydrogel. The reaction solvent consisted of a polymeric
mixture, whose main components were PEG,, and carbomer
(AC-PEG sol) dissolved in PBS, selected from previous
studies.’> PBS can prevent gelification of the polymeric
mixture, driven by the carbomer self-assembly in alkaline
conditions.”*° To the best of our knowledge, few AuNPs
synthetic methods have been previously proposed in PBS-
based solutions,”® due to aggregation arising from the salt
effect. However, PBS represents a crucial factor in AC-PEG

https://doi.org/10.1021/acsanm.5c05814
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Figure 2. (a) UV—vis spectra of AuNPs synthesized in AC-PEG sol at PEG/HAuCl, = 60 with initial pH 6 (yellow), pH 6.5 (green), pH 7
(aquamarine), pH 7.4 (light blue), pH 10 (purple), pH 11 (violet); (b) UV—vis spectra magnification; (c) LSPR peak wavelength, (d) FWHM,
and (e) y of AuNPs synthesized in AC-PEG sol at different initial pH.

hydrogel formulation, also influencing the hydrogel’s phys-
icochemical and morphological properties.”” Slightly alkaline
pH was found to play a key role in the synthesis of AuNPs
using PEG-driven reduction at high temperatures in water.
Thanks to the excess hydroxyl groups, the equilibrium reported
in eq 2 shifted toward the production of AuCl,_,(OH), oxides,
speciSeIS more prone to reduction compared to tetrachloroauric
ons.”

AuCl; + n-OH™ - AuCl,_,(OH), + n-CI” (2)

NaOH has been used to provide OH™ to the reaction
mixture, both in terms of pH change and in terms of the
kinetic modification of AuNPs synthesis. To investigate its role
in the reaction, two addition methods have been compared,
following the proposed strategy. A schematic representation of
the synthetic process has been proposed in Figure 1, reporting
the methods described in our study.

3.1. One-Pot AuNPs Synthesis in AC-PEG Solution

One-pot synthesis and stabilization of AuNPs was adapted
starting from a previously reported procedure in water.”’
Briefly, the pH of the AC-PEG sol was adjusted by NaOH
addition, and the system was preheated at 50 °C. An aliquot of
HAuCl, solution was introduced into the reactive mixture,

5071

followed by microwave heating for 3 min at 80 °C. During this
process, schematized in Figure la, the solution turned from
transparent to purple, the typical color of colloidal AuNPs.
Control reactions were initially carried out in solutions
containing only carbomer (AC sol) or only PEG (PEGyg
sol) to elucidate the role of the individual components. AuNPs
formation in AC sol exclusively occurred under strongly
alkaline pH (~11). Under these conditions, the reduction was
most likely driven by NaOH, in a concentration-dependent
manner,”*"®" while carbomer primarily acted as nanocrystals
stabilizer via —COOH dissociation. Nevertheless, the reaction
exhibited slow kinetics and a poor reaction yield (as reported
in Figure S4a, Supporting Information). Conversely, AuNPs
were effectively synthesized in PEG,, sol; however, PEG,
provided just mild stabilization in PBS, leading to rapid
aggregation of the formed crystals (Figure SS, Supporting
Information). Effective AuNPs synthesis and stabilization were
achieved only in AC-PEG sol under the selected reactive
conditions, yielding improved reaction kinetics and efliciency
(Figure S4b, Supporting Information). Two key parameters
have been systematically investigated to elucidate their
influence on AuNPs synthesis: pH and HAuCl, concentration.

3.1.1. Effect of pH. The pH of the AC-PEG sol was
adjusted within the range 6—11, excluding the intermediate pH
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Figure 3. (a) TEM acquisition of AuNPs synthesized in AC-PEG sol at PEG/HAuCl, = 60 with initial pH 6, (b) pH 6.5, (c) pH 7, (d) pH 7.4. (e)
Statistical size evaluation of AuNPs synthesized in AC-PEG sol at PEG/HAuCl, = 60 with initial pH 6, (f) pH 6.5, (g) pH 7, and (h) pH 7.4.

region (8—9), due to proximity to the solution equivalent
point (Figure S6, Supporting Information). Lower pH values
were not considered, as the resulting conditions were
excessively acidic for AuNPs synthesis. Moreover, pH
adjustment via HCl induced PEG precipitation in the solution.
To isolate the pH effect, the reagent ratio was maintained
constant at PEG/HAuCl, = 60.

Figure 2a,b reports the UV—vis spectra of the synthesized
AuNPs as a function of the initial solution pH. The LSPR peak
wavelength reached a minimum at pH 7.4, as shown in Figure
2c¢, indicative of a smaller AuNPs size. In contrast, both the full
width at half-maximum (FWHM) and y parameter (used to
evaluate the optical features, and described in Figure S7,
Supporting Information) reached the smallest values at pH 6.5.
Notably, the optical polydispersity did not follow a consistent
trend with the UV—vis-derived parameters, as reported in
Figure 2d,e, suggesting a more complex dependence of the
reaction conditions on the optical behavior.

Strongly alkaline conditions (pH 10 and pH 11) have been
excluded from further analysis due to the broadened UV—vis
spectra, large FWHM and y, indicating poor spectral definition,
and limited relevance to the intended purpose. TEM analysis
was conducted to assess AuNPs morphology, size, and
polydispersity. Across all the investigated pH, the synthesis
predominantly yielded nonspherical AuNPs. Large quasi-
spherical AuNPs were observed at mildly acidic pH (Figure
3a,b), whereas under neutral pH values (Figure 3c,d), the Au
nanocrystals displayed asymmetrical growth with no evident
control over spherical morphology. The largest AuNPs size was
recorded at pH 6 (41.8 + 189 nm) accompanied by a
relatively high polydispersity index (PdI = 0.2), and a
circularity parameter (9) strongly deviating from unity.

Only in the case of pH 6 and 6.5, a few spherical-shaped
NPs were observed in proximity to the bigger crystal surfaces,
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probably due to the interplay between nucleation and growth
phenomena. UV—vis data reflect the global optical response of
the dispersed nanoparticles. Consequently, the observation of
aggregates with TEM does not necessarily contradict the
presence of LSPR characteristics of dispersed particles,
particularly in systems in which dispersed and aggregated
nanoparticles coexist. In such cases, aggregation may
predominantly be observed as broadening or tail contributions
rather than a complete shift of the main LSPR peak.

The polymeric layer (PEG and carbomer) likely limited Au
atom deposition, slowing particle growth and inducing the
formation of smaller AuNPs adjacent to larger ones at the
given pH. Conversely, nucleation was likely slower than growth
at neutral pH, favoring the formation of amorphous-shaped
AuNPs, as observed in Figure 3c,d. Although the reducing
agent was present in large excess (PEG/HAuCl, = 60), its mild
reducing capability extended the nucleation period and
promoted the formation of larger AuNPs, particularly at
neutral pH. The size distributions, reported in Figure 3e—3h,
showed large AuNPs sizes and relatively large standard
deviations (ranging from 41.8 + 18.9 to 30.1 + 19.1 nm),
high PdI (ranging from 0.41 to 0.2), and circularities deviating
from unity (from 0.81 to 0.9), in all analyzed cases. From an
optical standpoint, the relatively elevated PdI values are
expected to produce plasmon band broadening due to
convolution of multiple LSPR contributions. This behavior is
consistent with the observed FWHM and y under the current
reactive conditions. While moderate polydispersity does not
inherently preclude biomedical applicability, excessively broad
PdI may affect optical performance and sensing and photo-
thermal applications. For this reason, further reaction
conditions were explored to obtain improved AuNPs
uniformity.
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3.1.2. Effect of HAuCl, Concentration. The effect of the
HAuCl, concentration was investigated by fixing the initial pH
at 6.5, a condition that previously produced a limited
population of small spherical AuNPs. Progressive increases in
the absorbance and LSPR shifts were observed by increasing
the HAuCl, concentration, as evidenced from the UV—vis
spectra reported in Figure 4a,b. Across all the stoichiometri-
cally evaluated conditions, PEG was present in excess (12 <
PEG/HAuCl, < 120), ensuring a suitable background for the
HAuCl, reduction. The maximum LSPR peak wavelength was
recorded at an HAuCl, concentration of 0.73 mM. The
FHWM exhibited a consistent trend with the LSPR peak
wavelength, whereas the y parameter reached comparatively
lower values within the Au precursor concentrations range
0.49—1.42 mM, as reported in Figure 4c,d. Notably, the overall
optical properties did not follow a strictly predictable behavior,
likely reflecting the residual sample inhomogeneity.

TEM analysis revealed a progressive improvement in the
AuNPs morphological uniformity with increasing HAuCl,
concentration. At HAuCl, concentrations of 1.42 and 2.27
mM (respectively in Figure Sb,c) predominantly spherical
AuNPs were observed compared to the 0.49 mM case, shown
in Figure Sa,d. The most favorable size distribution was
observed at 1.42 mM (Figure Se), yielding AuNPs with a mean
diameter of 25.4 + 12.5 nm (PdI = 0.24, 9 = 0.91). On the
other hand, the highest circularity & and lowest PdI values
were recorded at 2.27 mM, corresponding to slightly larger
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AuNPs (diameter = 32.2 + 12.7 nm, PdI = 0.15, 8 = 0.93), as
reported in Figure S5f. The observed trend suggests that by
decreasing the PEG excess, the nucleation process was
kinetically favored over the growth on previously formed
crystals.

3.2. One-Pot AuNPs Synthesis in AC-PEG Solution with
NaOH Postsynthesis Addition

To elucidate the role of NaOH in the synthesis, an alternative
experimental strategy was adopted, in which NaOH was
introduced at different stages of the reaction. The NaOH
addition, either prior to or following microwave irradiation,
influenced the UV—vis spectra, affecting the LSPR peak
intensity, wavelength, and FWHM (as shown in Figure S8a,
Supporting Information). Postsynthetic NaOH addition
produced a blue-shifted and sharper LSPR band, while the
solution exhibited a more rapid color intensification compared
to NaOH addition before the reaction, suggesting a NaOH-
mediated enhancement of the AuNPs nucleation process.
The influence of NaOH addition timing on AuNPs
properties was further assessed (Figure S8b, Supporting
Information), identifying optimal conditions when NaOH
was added after 60 s of microwave treatment (equivalent to T
=70 °C), as reported in the schematic representation in Figure
1b. Consistently, the spectral features indicated a clear
dependence of AuNPs optical properties on NaOH concen-
tration. Therefore, the influence of both the NaOH amount
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Figure S. (a) TEM acquisition of AuNPs synthesized in AC-PEG sol at initial pH 6.5 with [HAuCl,] = 0.49 mM, (b) [HAuCl,] = 1.42 mM, and
(c) [HAuCl,] = 2.27 mM. (d) Statistical size evaluation of AuNPs synthesized in AC-PEG sol at initial pH 6.5 with [HAuCl,] = 0.49 mM, (e)

[HAuCl,] = 1.42 mM, and (f) [HAuCl,] = 2.27 mM.

and the HAuClI, concentration was systematically investigated
within this synthetic framework.

3.2.1. Effect of NaOH Addition Concentration. The
synthesis has been performed at an initial AC-PEG sol pH of
6.5 and a fixed PEG/HAuCl, = 60, employing different
NaOH/HaAuCl, ratios (hereafter denoted as ®, for
simplicity), to determine the influence of NaOH addition on
AuNPs properties. @ was varied within a defined interval to
achieve a final solution pH in the range 6.1-7.4.

The UV—vis spectra of the synthesized AuNPs are presented
in Figure 6a. The spectra revealed a progressive absorbance
increase with increasing NaOH addition up to @ = 36.8. The
LSPR peak wavelengths showed the minimum values within
the interval 25.7 < @ < 33.1 (Figure 6b). A comparable trend
was observed for both the FWHM and y, demonstrating the
narrowest LSPR band profiles at @ = 29.4 and 33.1, as
displayed in Figure 6c,d.

TEM analysis corroborated the UV—vis spectra observa-
tions. In Figure 7a, AuNPs synthesized with @ = 14.7 appeared
inhomogeneous, with pronounced aggregation in irregular
morphologies. By contrast, ® = 33.1, as reported in Figure 7b,
yielded smaller and morphologically uniform AuNPs. Further
increasing the @ to 44.1, as shown in Figure 7c, again resulted
in heterogeneous and irregularly shaped Au nanocrystals.

The most favorable synthetic conditions were identified at ®
= 33.1, yielding AuNPs with a mean diameter of 16.2 + 7.1 nm
(PdI = 0.19, 9 = 0.93), as displayed in Figure 7e.
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These features represent a clear improvement compared to
both ® = 14.7 (diameter size = 34.5 + 19.9 nm, PdI = 0.33, 9
=0.87) and ® = 44.1 (diameter size = 31.2 + 17.9 nm, PdI =
0.14, 9 = 0.75), respectively, reported in Figure 7d,f. Overall,
the size distributions, morphological sphericity, and PdI values
were markedly improved, relative to the one-pot synthesis
performed without NaOH addition. These findings highlight
the role of postsynthetic NaOH introduction in promoting the
formation of smaller and more uniformly distributed AuNPs,
consistent with a nucleation-favored growth regime (as
summarized in Figure S9, Supporting Information). The
synthetic conditions involving NaOH addition were further
summarized in a two-dimensional representation in Figure S10
(Supporting Information), correlating the full UV—vis spectra
with both the ® ratio and the normalized absorbance/y. The
latter metric quantifies the trade-off between a high AuNPs
concentration (given by high absorbance) while maintaining a
low PdI (indicated by low y). Accordingly, the optimal
synthetic conditions were identified within the interval 30 < ®
< 35, corresponding to NaOH concentration of approximately
14—15 mM. Under these conditions, a narrow UV—vis spectra
peak, resonant wavelength between 520 and 530 nm, and a
high absorbance/y ratio were observed.

3.2.2. Effect of HAuCl, Concentration with NaOH
Addition. The effect of HAuCl, concentrations on the final
AuNPs properties was studied under NaOH postsynthetic
addition, maintaining an initial AC-PEG sol pH of 6.5. The
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pH 6.5 and PEG/HAuCI, = 60 at different ®.

NaOH concentration was fixed at 142 mM in the final
solution, corresponding to a final pH around 7—7.4. The UV—
vis spectra of the synthesized AuNPs are reported in Figure 8a.
The increase in HAuCl, produced a gradual enhancement of
the LSPR peak intensity, exhibiting a linear dependence within
the HAuCl, concentration range 0.25—0.73 mM (Figure S11a,
Supporting Information). The LSPR peak wavelength showed
a minimum at 1.42 mM, as shown in Figure 8b.

The FWHM followed a trend consistent with the LSPR peak
wavelength, also reaching a minimum at 1.42 mM HAuCl,,
whereas the y parameter remained comparatively stable when
HAuCl, concentration was in the range 0.49—1.42 mM, as
respectively shown in Figure 8¢,d. Also in this case, the UV—
vis spectra generally showed narrower curve shapes and a
better linear increase compared with the one-pot synthesis
performed without NaOH addition, further indicating
improved optical properties of the resulting AuNPs.

TEM analysis confirmed that AuNPs showed predominantly
spherical shapes across all of the investigated HAuCl,
concentrations, as represented in Figure 8e—8h. As expected
from the UV—vis data, AuNPs showed a reduced mean
diameter compared to the one-pot synthetic method, in
agreement with the blue-shifted plasmonic peaks. The size
distributions were centered at smaller values, with mean
particle size ranging from 14.1 + 4.6 nm to 18.4 + 5.4 nm.
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Improved PdI values were obtained in all cases (0.08—0.11),
and circularities approaching unity (9 = 0.89—0.92) as
summarized in Figure 8i—8l. The best conditions were
recorded at a HAuCl, concentration of 1.42 mM, which
yielded AuNPs with a mean size of 14.1 + 4.6 nm (Pdl = 0.1, 9
= 0.92) corresponding to the AuNPs population reported in
Figure 8gk.

3.2.3. One-Pot vs NaOH Postsynthesis Addition
Method. Overall, considering all the variables collectively,
the postsynthetic NaOH addition strategy provided several
advantages compared to the simple one-pot synthesis
performed in AC-PEG sol. As already described, the method
enabled a better control on AuNPs morphology, size
distribution, and optical properties. The yielded AuNPs were
characterized by low PdI values and circularity close to unity,
representing an advantage for applications in which uniform
size and optical properties are crucial, e.g., sensing. Addition-
ally, starting from a mildly acidic AC-PEG sol (pH = 6.5),
near-neutral conditions were achieved through NaOH addition
under the optimized parameters, representing an ideal scenario
for the in situ AuNPs synthesis within the hydrogel.

In contrast, the one-pot method remained effective in
reducing HAuCl,, despite the nonoptimized conditions
resulting in less uniform AuNPs populations and broader
size distributions. The main outcomes for the two synthetic
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Figure 7. (a) TEM acquisition of AuNPs synthesized in AC-PEG sol at initial pH 6.5 and PEG/HAuCl, = 60, with NaOH postsynthetic addition at
ratio @ = 14.7, (b) ® = 29.4, (c) ® = 44.1. (d) Statistical size evaluation of AuNPs synthesized in AC-PEG sol at initial pH 6.5 and PEG/HAuCl,
= 60, with NaOH postsynthetic addition at ratio ® = 14.7, (e) ® = 29.4, (f) ® = 44.1.

routes are summarized in Tables S1 and S2. ICP-EOS 3.3. In Situ AuNPs Synthesis in AC-PEG Hydrogel

spectroscopy was employed to quantify AuNPs concentration The synthetic method previously optimized in AC-PEG sol
under postsynthetic NaOH addition, resulting in Au content in was modified by agarose incorporation to enable the synthesis
the range between 6.1 and 57.3 mg/L across the investigated of AuNPs together with the formation of the hydrogel matrix,
precursor concentrations ([HAuCl,] = 0.25—2.27 mM). The as schematized in Figure lc. The AC-PEG hydrogel
reaction yield was around 70—75% as reported in Table S3 formulation was obtained through a microwave-assisted

polycondensation reaction involving the —OH groups in
agarose and the —COOH groups of carbomer.

Microwave irradiation enables the rapid, homogeneous, and
volumetric heating of the reactive medium. Additionally, in
view of the scalable application of the method, microwave
reactors provide control over the evaporation rate of the
aqueous phase. This latter aspect is particularly critical for

(Supporting Information), likely reflecting the mild reducing
capability of PEG. The final AuNPs densities were in the range
3.8 X 10"-1.7 X 10" NPs/mL. A consistent qualitative
agreement was observed between AuNPs concentration and
UV-—vis optical properties. Higher ICP-measured Au content
displayed an increased UV—vis absorbance intensity, support-

ing the expected concentration-dependent optical behavior. hydrogel-based systems, where variations in the component
The observed trend followed a logarithmic trend (Figure S11b, concentration may affect the final properties. PEG and glycerol
Supporting Information). Deviations from strict linear functioned as additional cross-linkers, contributing to enhance
proportionality (Lambert—Beer behavior) in plasmonic nano- the network density. A schematic representation of the
particles might be attributed to variations in the reaction yield, chemical reaction is presented in Figure 9a. The formulation

has been selected based on the dual role of PEG, acting both as
a reducing agent for HAuCl, and cross-linker for the hydrogel
matrix. Moreover, its biocompatibility has been previously

AuNPs size distribution, and plasmon band broadening, as
reflected by the FWHM and y parameters. Additionally,
phenomena such as multiple scattering and size-dependent

o ) S ] ; validated in both in vitro and in vivo models.””®* For hydrogel
extinction cross sections become significant with nanoparticles preparation, the AC-PEG solution pH was adjusted to 6.5, and
concentration. Under such conditions, the optical response the addition of NaOH was fixed to have a final concentration
reflects collective electromagnetic effects rather than a of 142 mM, whereas the HAuCl, concentration was varied
concentration-dependent process, which is out of the scope within the previously established range. FT-IR spectra of blank
of our discussion. AC-PEG and AuNPs/AC-PEG, reported in Figure 9b, did not
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Figure 8. (a) UV—vis spectra of AuNPs synthesized in AC-PEG sol at initial pH 6.5 with NaOH postsynthetic addition at [NaOH] = 14.2, with
different [HAuCl,] corresponding to 12 < PEG/HAuCl, < 120. (b) LSPR wavelength, (c) FWHM, and (d) y of AuNPs synthesized in AC-PEG
sol at initial pH 6.5, with NaOH postsynthetic addition at [NaOH] = 13 and different [HAuCl,]. (¢) TEM acquisition of AuNPs synthesized in
AC-PEG sol at initial pH 6.5 with postsynthetic addition at [NaOH] = 13, at [HAuCl,] = 0.49 mM, (f) [HAuCl,] = 0.73 mM, (g) [HAuCL,] =
1.42 mM, (h) [HAuCl,] = 2.27 mM. (i) Statistical size evaluation of AuNPs synthesized in AC-PEG sol at initial pH 6.5 with NaOH postsynthetic
addition at [NaOH] = 13, at [HAuCl,] = 049, (j) [HAuCL] = 0.73 mM, (k) [HAuCl,] = 1.42 mM, (1) [HAuCl,] = 2.27 mM.

reveal significant spectral differences, demonstrating that cm™"). The DCS analysis (Figure S12a, Supporting Informa-
AuNPs in situ synthesis did not compromise the hydrogel tion) further confirmed that AuNPs synthesis did not affect the
network formation. Specifically, the broad peak between 3600 material’s thermal behavior.

and 3100 cm™' represents the —OH bonds stretching and The melting and crystallization enthalpies of the samples
vibration, particularly referring to free —OH and inter- and differed by less than 5 J/g, with the values, respectively, around

intramolecular H bonds. The region between 3000 and 2750 H,, =9835]/gand H. = —88.991 J/g. From visual inspection,

cm™ corresponds to the stretching of C—H bonds in the the hydrogel after prolonged soaking in PBS (4 weeks, Figure

aliphatic polymer backbone. The peak at 1650 cm™' is S12b, Supporting Information) revealed a homogeneous

representative of C=O stretching in the ester bonds, appearance without evidence of macroscopic AuNPs precip-
confirming the polycondensation reaction formation, while itation. Although nanoscale rearrangements cannot be
the peak at 1560 cm™" corresponds to the C=0 stretching of excluded based on visual assessment, no macroscopic
carboxylates, together with the 1420 cm™' one. The peaks in instability was observed.

the region 1440—1390 cm™ and 1300—1120 cm™' are, 3.3.1. Swelling Characterization. The swelling behavior
respectively, associated with C—O—H bending on the plane of the nanocomposite hydrogel was evaluated as a function of
and C—O stretching. Lastly, the wide region 1400—900 cm™" is the AuNP concentration within the polymeric network.

associated with the bending of the alcohols —OH (1410—1230 Swelling kinetics were not significantly influenced by the
cm™"), stretching of the C—O group in ethers (1400—1200 AuNPs concentration within the hydrogel, as reported in detail
cm™), and the stretching of alcohols C—O groups (1200—900 in Figure S13 (Supporting Information). Across all the
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Figure 9. (a) Chemical reaction of hydrogel formation showing the chemical structure of the AC-PEG network. (b) FT-IR spectra of AC-PEG
(gray) and AuNPs/AC-PEG (purple). (c) Equilibrium swelling ratio comparison between AC-PEG hydrogel (blank) and AuNPs/AC-PEG
hydrogel synthesized at different AuNPs concentrations (using HAuCl, concentrations in the range 0.25—2.27 mM). Results reported as mean =+
standard deviation (N = 4, *#¥*, p < 0.0001). (d) Comparison of average G’ values evaluated within the LVE region of AC-PEG and AuNPs/AC-
PEG at different AuNPs concentrations. Results reported as mean =+ standard deviation (N = 4, n.s., p > 0.05; **¥** p < 0.0001). (e) SEM
acquisitions of (i) AC-PEG, (ii) AuNPs/AC-PEG synthesized at 0.25 mM HAuCl,, (iii) AuNPs/AC-PEG synthesized at 0.73 mM HAuCl,, (iv)
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Figure 9. continued

AuNPs/AC-PEG synthesized at 2.27 mM HAuCl,. (f) SEM coupled EDX acquisition of AuNPs/AC-PEG synthesized at 2.27 mM HAuCl, and (g)
EDX elemental map where Au presence peaks underline the presence of AuNPs.
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Figure 10. (a) Cumulated release profile of Fluo, (b) FITC, and (c) BSA-FITC from AC-PEG (gray) and AuNPs/AC-PEG (purple), synthesized
at 2.27 mM HAuCl,. (d) Comparison of the cumulated FITC release profile from AuNPs/AC-PEG synthesized at 2.27 mM HAuCl, without laser
irradiation (dashed line) and under 10 min ON-OFF laser irradiation cycles (ON: full line, OFF: dashed line). (e) Schematic representation of the
irradiation process and the involved phenomena. Results are presented as mean =+ standard deviation, and the obtained values were evaluated with

measurements run at least in triplicate.

investigated HAuCl, concentrations, the swelling profiles
reached a plateau corresponding to the equilibrium swelling
state within approximately 1—1.5 h, indicating that the
variation in AuNPs content does not affect the hydrogel
rehydration rate. Conversely, the equilibrium swelling ratio
(Figure 9c) exhibited an AuNPs concentration-dependent
decrease for AuNPs/AC-PEG relative to the pristine hydrogel,
with values ranging between 2000 and 1500%. This behavior
may be attributed to the AuNPs’ presence, acting as filler and
spacer inside the hydrogel, thus limiting the amount of
reabsorbed water from the hydrogel mesh. Additionally,
structural modifications associated with the reduction of
HAuCl, cannot be excluded. The partial oxidation of PEG
hydroxyl groups, together with AuNPs surface stabilization
mediated by PEG and carbomer, may result in variation of
cross-linking densities. Such effects could influence the
swelling behavior of the nanocomposite system. Moreover,
hydrogels exhibit swelling behavior governed by counterion
osmotic pressure. Partial involvement of carbomer function-

alities in AuNP stabilization may reduce the concentration of
osmotically active counterions, contributing to the observed
decrease in equilibrium swelling.

3.3.2. Rheological Characterization. The rheological
properties of the nanocomposite hydrogel have been evaluated
as a function of the AuNPs concentration. Amplitude sweep
tests demonstrated a solid-like behavior of the AuNPs/AC-
PEG hydrogel across the investigated HAuCl, concentrations,
with G’ > G” within the limit of the linear viscoelastic (LVE)
region, observed around 1% strain for all the samples (Figure
S14a, Supporting Information). The average G’ values
measured within the LVE region (Figure 9d) exhibited
increased values at low Au precursor concentrations (0.25
and 049 mM) compared to the blank AC-PEG samples
(respectively, 292 and 254 Pa vs 201 Pa), suggesting a
reinforcing contribution from AuNPs. Conversely, at higher
HAuCl, concentration, a gradual reduction of the average G’
was observed. This behavior likely reflects nanoparticle-
induced local alteration of the network structure. Increased
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AuNPs content may introduce steric constraints and local
rigidity, limiting polymer chain interactions, mobility, and
elastic response. In addition, beyond steric effects, in situ
AuNPs formation may influence the network by affecting the
availability of the polymers’ functional groups involved in the
cross-linking. the cross-linking. Indeed, interactions involving
the carbomer and PEG during nanoparticle reduction and
stabilization could modify the extent of ester bond formation
during the polycondensation reaction. This could potentially
lead to network reorganization, contributing to the observed
modulus reduction.

Consistent with these interpretations, the average storage
moduli of AuNPs/AC-PEG at HAuCl, concentrations higher
than 0.73 mM were lower than G’ recorded for the blank AC-
PEG hydrogel. Overall, the mechanical response of the system
appears to be governed by a balance between nanoparticle
reinforcement and hydrogel network perturbation effects.
Frequency sweep test further demonstrated a solid-like
behavior of pristine AC-PEG hydrogel, in a frequency range
from 0.1 to 100 rad/s (as shown in Figure S14b, Supporting
Information).

3.3.3. SEM Characterization. SEM analysis was per-
formed to investigate the morphological features of the
nanocomposite hydrogels. No significant differences were
observed between AuNPs/AC-PEG and AC-PEG samples
(at different AuNPs concentrations, i.e., 0.25 mM HAuCl,,
0.49 mM HAuCl, and 2.27 mM HAuCl,), as shown in Figure
9e. All hydrogels displayed interconnected porosity with a
honeycomb-like porous structure and heterogeneous pore size
distribution. Energy dispersive X-ray (EDX) spectroscopy
confirmed the presence of AuNPs within the polymeric matrix,
as evidenced by both the elemental mapping (Figure 9f) and
the characteristic Au signal in the corresponding spectrum
(Figure 9g).

3.3.4. Mimetic-Drug Delivery Characterization. Drug
release experiments were performed using three model drug
mimetics loaded into AuNPs/AC-PEG (formulated at a fixed
HAuCl, concentration of 2.27 mM) and pristine AC-PEG
hydrogels. Fluorescein (Fluo), FITC, and BSA-FITC have
been selected as representative drug mimetics to capture broad
physicochemical characteristics in terms of size and solubility,
namely, small hydrophilic and hydrophobic molecules, and a
hydrophilic sterically hindered high macromolecular species.
Application-specific behavior and charge-mediated interactions
with relevant therapeutic compounds remain subjects of future
investigation.

The cumulated release profiles, shown in Figure 10,
demonstrated minimal and statistically not significant differ-
ences between the pristine AC-PEG and AuNPs/AC-PEG
hydrogel, indicating that the presence of in situ-synthesized
AuNPs did not alter the drug delivery performance of the
system. While both Fluo and FITC were completely released
after approximately 24 h, Fluo exhibited slightly faster release
kinetics (Figure 10a) compared to FITC (Figure 10b), likely
due to their distinct physicochemical nature. Conversely, BSA-
FITC release kinetics was consistently slower, characterized by
an initial burst release during the first 8 h and a cumulative
release of approximately ~80% over S days, as reported in
Figure 10c.

3.3.5. Laser-Assisted Mimetic-Drug Delivery. The
cumulative drug release under laser irradiation was investigated
in AuNPs/AC-PEG hydrogel to test whether the plasmonic
properties of AuNPs could influence the release performance

5080

through laser-induced thermal enhancement. FITC-loaded
AuNPs/AC-PEG hydrogels were formulated at 2.27 mM
HAuCl, to maximally exploit AuNPs thermal conversion,
which is known to depend on AuNPs concentration. AuNPs/
AC-PEG hydrogels were subjected to ON-OFF irradiation
cycles of 10 min. The cumulative FITC release, reported in
Figure 10d, demonstrated a pronounced increment in the
amount of FITC released under laser irradiation compared to
the sample not subjected to laser irradiation over the 2 h
experimental window. During irradiation periods, the release
curves exhibited markedly steeper slopes, whereas upon
cessation of laser exposure, the release rates returned to values
comparable to the control samples. The laser wavelength
employed (632 nm) does not spectrally overlap with the
absorption band of FITC (peak at 495 nm). Significant direct
bleaching is not expected under these conditions. Furthermore,
dye release was quantified by UV—visible absorbance rather
than fluorescence, minimizing potential bias from quenching
effects. The cumulated release of the irradiated samples
reached approximately 80%, corresponding to nearly a 2-fold
increase relative to the control. This behavior is primarily
attributed to localized light-induced heating in the presence of
AuNPs, which may promote a transient polymeric matrix
stretch and enhanced mimetic drug diffusional transport. Such
effects were identified as the main factor responsible for the
enhanced release kinetics and increased equilibrium values
observed in laser-irradiated samples, as schematized in Figure
10e.

Due to the low irradiation power and the low heat
conductivity of the aqueous hydrogel matrix, bulk temperature
variations are expected to be minimal and difficult to resolve
with conventional probes. Nevertheless, localized effects in the
irradiated region may still contribute to the observed light-
enhanced release. Conventional thermal probes may not
provide robust or spatially resolved information, and advanced
sensing methods, e.g, fiber Bragg grating sensors, would be
required, as demonstrated in comparable hydrogel systems.**
However, these quantifications are beyond the present scope
while representing an important direction for future inves-
tigations.

4. CONCLUSIONS

In situ synthesis of AuNPs has emerged as an attractive strategy
to simplify hydrogel nanocomposite fabrication by overcoming
the challenges associated with nanoparticles incorporation. In
this work, a one-pot microwave-assisted process enabled the
simultaneous synthesis of AuNPs and the formation of a
hydrogel matrix composed of agarose, carbomer, and PEG in
PBS. The findings indicate that PEG acts as a reducing agent
for the Au precursor, playing a critical role in stabilizing the
nanoparticle system under physiologically relevant ionic
condition, in combination with carbomer. Systematic variation
of the synthetic parameters led to controlled AuNPs formation,
while postsynthetic NaOH addition further improved the
nanoparticles uniformity (size reduced by ~10 nm, enhanced
circularity, and polydispersity). The resulting AuNPs/AC-PEG
nanocomposites preserved the internal morphology, while
showing concentration-dependent swelling and rheological
behavior. Laser-assisted release tests revealed light-modulated
molecular delivery, consistent with AuNPs photothermal
properties. Under the employed low laser power regime,
localized thermal contributions are expected to influence the
observed release behavior over macroscopic temperature
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variations. Although the results highlight the potential of the
proposed system, certain aspects merit further investigation.

In particular, high-resolution thermal mapping, AuNPs
distribution within the hydrogel matrix, and systematic
evaluation of the release of electrostatically charged and
clinically relevant therapeutics would provide valuable insights.
Overall, this approach provides a facile route for generating
AuNP-loaded hydrogels, supporting their potential use as light-
responsive systems for drug delivery and other biomedical
applications.
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